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Abstract.
The high 6Li abundances recently measured in metal-poor halo stars are far above the value predicted by Big Bang nucle-
osynthesis. They cannot be explained by galactic cosmic-ray interactions in the interstellar medium either. Various pre-galactic
sources of 6Li have been proposed in the literature. We study the possibility that the observed 6Li was produced by repeated
solar-like flares on the main sequence of these low-metallicity stars. The time-dependent flaring activity of these objects is
estimated from the observed evolution of rotation-induced activity in Pop I dwarf stars. As in solar flares, 6Li could be mainly
created in interactions of flare-accelerated 3He with stellar atmospheric 4He, via the reaction 4He(3He,p)6Li. Stellar dilution
and destruction of flare-produced 6Li are evaluated from the evolutionary models of metal-poor stars developed by Richard
and co-workers. Stellar depletion should be less important for 6Li atoms synthesized in flares than for those of protostellar
origin. Theoretical frequency distributions of 6Li/7Li ratios are calculated using a Monte-Carlo method and compared with the
observations. Excellent agreement is found with the measured 6Li/7Li distribution, when taking into account the contribution
of protostellar 6Li originating from galactic cosmic-ray nucleosynthesis. We propose as an observational test of the model to
seek for a positive correlation between 6Li/7Li and stellar rotation velocity. We also show that the amounts of 7Li, Be and B
produced in flares of metal-poor halo stars are negligible as compared with the measured abundances of these species. 6Li in
low-metallicity stars may be a unique evidence of the nuclear processes occuring in stellar flares.
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1. Introduction
The origins of the light elements Li, Be, and B (hereafter
LiBeB) differ from those of heavier nuclides. Whereas most
elements are produced by stellar nucleosynthesis, LiBeB are
mainly destroyed in stellar interiors by thermonuclear reac-
tions with protons. Thus, 6Li is rapidly consumed at stellar
temperatures higher than 2×106 K. The major source of 6Li
has been thought for decades to be the interaction of galactic
cosmic rays (GCRs) with the interstellar medium (for a review
see Vangioni-Flam et al. 2000). Unlike 7Li, 6Li is predicted
to be formed at a very low level in Big Bang nucleosynthesis,
6Li/H≃10−14 (Thomas et al. 1993; Vangioni-Flam et al. 1999).
However, recent major observational advances have al-
lowed new measurements of the 6Li/7Li isotopic ratio in
stars, which challenge our understanding of the origin of 6Li.
Asplund et al. (2006) have recently reported the observa-
tion of 6Li in several halo stars of low metallicity, [Fe/H]<-
1 (where [Fe/H]=log[(Fe/H)/(Fe/H)⊙] and (Fe/H)/(Fe/H)⊙ is
the Fe abundance relative to its solar value). These authors
have detected 6Li at ≥2σ confidence level in nine of 24 studied
stars. The 6Li/H values measured in these metal-poor halo stars
Send offprint requests to: V. Tatischeff
(MPHSs) are >10−12, i.e. more than 100 times higher than the
predicted abundance from standard Big Bang nucleosynthesis.
Reported 6Li abundances at [Fe/H] <∼ -2.3 are also larger than
expected if GCR nucleosynthesis was the major source of 6Li
(Rollinde et al. 2005; Prantzos et al. 2006). This result was al-
ready pointed out by Ramaty et al.(2000a) after the first detec-
tion of 6Li in two MPHSs of metallicity [Fe/H]≈-2.3 (Smith et
al. 1993; Hobbs & Thorburn 1997; Smith et al. 1998; Cayrel et
al. 1999).
Two alternative types of pre-galactic 6Li sources have been
proposed: (1) production in the early universe induced by
the decay of supersymmetric dark matter particles during Big
Bang nucleosynthesis (Jedamzik 2000; Jedamzik et al. 2005;
Kawasaki et al. 2005; Ellis et al. 2005; Kusakabe et al. 2006)
and (2) production by the interaction of cosmological cosmic
rays that could be accelerated in shocks induced by large-scale
structure formation (Suzuki & Inoue 2002) or by an early pop-
ulation of massive stars (Pop III stars; Rollinde et al. 2005,
2006).
Because a substantial stellar depletion of 6Li seems to be
unavoidable, any model of pre-galactic production should ac-
count for a higher 6Li abundance in the early Galaxy than
those measured in evolved MPHSs. The value of the so-called
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”Spite plateau” (Spite & Spite 1982), namely the nearly con-
stant abundance of Li (mostly 7Li) measured in most MPHSs
(see Bonifacio et al. 2006), is a factor of two to four lower
than the primordial 7Li abundance calculated in the frame-
work of standard Big Bang nucleosynthesis (7Li/H=4.27+1.02
−0.83×
10−10, Cyburt 2004; 7Li/H=4.15+0.49
−0.45 × 10
−10
, Coc et al. 2004).
According to recent stellar-evolution models that include dif-
fusion and turbulent mixing (Richard et al. 2005; Korn et al.
2006), this discrepancy is probably due to the stellar depletion
of 7Li. In such a case, an even larger depletion of pre-galactic
6Li is expected. Given that depletion during the pre-main se-
quence of the MPHSs is predicted to be negligeable for 7Li,
but ≥0.3 dex for 6Li (Richard et al. 2002, 2005; Piau 2005), the
stellar destruction of protostellar 6Li is probably higher than
0.6 dex.
In this paper, we assess the possibility that the excess 6Li
discovered in MPHSs is not of pre-galactic origin, but was pro-
duced in situ by repeated solar-like flares on the main sequence
of these stars. Predictions for significant synthesis of 6Li in stel-
lar flares have been made long ago (Canal et al. 1975; Walker
et al. 1985; see also Ryter et al. 1970). 6Li enhancement has
been found during a long-duration flare of a chromospherically
active binary (Montes & Ramsey 1998) and in the atmosphere
of a single chromospherically active K dwarf (Christian et al.
2005). In both cases, a flare production was found to be consis-
tent with the activity level of the object. A high Li abundance
associated with a large flare has also been observed in a very
active late-type dwarf star (Mathioudakis et al. 1995). In this
case, however, the Li isotopic ratio was not measured.
Evidence for significant synthesis of 6Li in large solar flares
is provided by optical observations of sunspots (Ritzenhoff et
al. 1997) and measurements of the solar wind lithium isotopic
ratio in lunar soil (Chaussidon & Robert 1999). Calculations of
6Li production by nuclear interaction of solar-flare-accelerated
particles were performed by Ramaty et al. (2000b). They have
shown that a major 6Li production channel is due to accelerated
3He interactions with solar atmospheric 4He, via the reaction
4He(3He,p)6Li.
Deliyannis & Malaney (1995) have already studied the in
situ production of 6Li from flares of MPHSs, following the first
report of a 6Li detection in the halo star HD 84937 (Smith et
al. 1993). They found that large flares could account for the
6Li abundance measured in that star. However, Lemoine et al.
(1997) have questioned this result on the basis of the 6Li pro-
duction efficiency: assuming the flaring activity of the contem-
porary Sun for one billion years, they found the amount of
flare-produced 6Li to be negligible as compared with the abun-
dance measured in HD 84937.
There are two main reasons that flare production of 6Li in
MPHSs can be more important than previously thought. First,
the 6Li production efficiency was underestimated in previous
studies, because the reaction 4He(3He,p)6Li was not taken into
account. Second, it is very likely that most halo stars were
much more active in their youth than the contemporary Sun.
Indeed stellar rotation being the decisive factor of solar-like
activity of dwarf stars, magnetic braking during the main se-
quence leads to a well-known decay with stellar age of chro-
mospheric and coronal activities (e.g. Gershberg 2005).
We present in this paper a time-dependent model for flare
production of LiBeB in MPHSs. The flaring activity of these
Population II stars is estimated from the observed evolution of
rotation-induced activity in their Pop I counterparts. Dilution
and depletion of flare-produced 6Li in the surface convection
zone of MPHSs are evaluated from the evolutionary stellar
models of Richard et al. (2002). In Sect. 2 we first calculate
the efficiency for synthesis of 6Li and the other LiBeB isotopes
in stellar flares. The model for the time evolution of 6Li abun-
dance at the surface of MPHSs is described in Sect. 3.1. In
Sect. 3.2 we use a Monte-Carlo simulation to calculate theoret-
ical frequency distributions of 6Li/7Li values in MPHSs, which
are then compared to the observations. In Sect. 4.1 we comment
on the dispersion of the 6Li/7Li data in the light of our Monte-
Carlo results. We discuss in Sect. 4.2 6Li production from flares
of young stellar objects. We show in Sect. 4.3 that 6Li is the
only LiBeB isotope which can be produced in non-negligible
amount in flares of MPHSs relative to other production modes.
Observational tests of the flare model are discussed in Sect. 4.4.
A summary is given in Sect. 5.
2. Yields of LiBeB production in stellar flares
We calculated the efficiency for LiBeB production in flares of
MPHSs assuming the same thick target interaction model that
is usually employed to describe nuclear processes in solar flares
(see Tatischeff et al. 2006). Fast particles with given energy
spectra and composition are assumed to be accelerated in the
stellar corona and to produce nuclear reactions as they slow
down in the lower stellar atmosphere.
For the source energy spectrum of the fast ions we used
an unbroken power law of spectral index s, extending from
the threshold energies of the various nuclear reactions up to
Emax=1 GeV nucleon−1. For solar flares, Ramaty et al. (1996)
found from analyses of gamma-ray line ratios a range of spec-
tral indexes of about s=4±1. We assumed that s≃4 is also close
to the mean of spectral index distribution in stellar flares.
The ambient and accelerated-ion abundances are also based
on those employed in solar flare studies (Tatischeff et al. 2006),
but we rescaled the abundances of both ambient and fast C
and heavier elements to the metallicity of the MPHSs. We per-
formed calculations with an accelerated α/p ratio of 0.1, which
is typical of the abundance ratio measured in impulsive so-
lar energetic events (e.g. Reames 1999). Gamma-ray spectro-
scopic analyses have provided evidence that the accelerated
α/p ratio could be as high as 0.5 in some solar flares (Share
& Murphy 1997; Mandzhavidze et al. 1999). It is noteworthy
that such a large α/p ratio would significantly enhance the ef-
ficiency for production of 6Li, because this isotope is mainly
synthesized in He+He interactions (see below). However, we
adopted here the canonical α/p=0.1.
We took the accelerated 3He/α ratio to be 0.5, which is
also typical of the abundances found in impulsive solar ener-
getic events (Reames 1999). Such an enrichment of fast 3He is
caused by resonant wave-particle processes that are character-
istic of the stochastic acceleration mechanism at work in im-
pulsive solar flares (e.g. Temerin & Roth 1992). We assume
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Fig. 1. LiBeB productions by stellar-flare accelerated particles
with power law in kinetic energy per nucleon spectra with spec-
tral index s. The calculations are normalized to a total kinetic
energy of 1 erg in protons of energy E≥ 10 MeV. Solid curves:
[Fe/H]=-1. Dashed curves: [Fe/H]=-3. Li production is almost
independent of metallicity, because it is mostly due to acceler-
ated 3He and α-particle interactions with ambient He. Dotted
curve: 6Li production for 3He=0 and [Fe/H]=-1.
that this acceleration process enhances the accelerated 3He in
stellar flares as well.
The cross sections for the nuclear reactions are mostly from
Ramaty et al. (1997), but we took into account the more recent
measurements of Mercer et al. (2001) for production of 6Li and
7Li in the α + α reaction. The cross section for the reaction
4He(3He,p)6Li was evaluated by Ramaty et al. (2000b). We
also included in our calculations the reaction 12C(3He,x)7Be
(7Be decays to 7Li with a half-life of 53 days), whose cross
section was evaluated by Tatischeff et al. (2006).
Figure 1 shows calculated thick-target yields for LiBeB
productions as a function of spectral index s. The calculations
are normalized to a total kinetic energy of 1 erg contained in
flare-accelerated protons of energy greater than 10 MeV. We
see that for s>2.8, the largest production is that of 6Li. The
importance of the reaction 4He(3He,p)6Li for the synthesis of
this isotope can be seen by comparing the upper curve with the
dotted one, for which we set the accelerated 3He abundance to
zero. For s=4, the 3He+4He reaction accounts for 87% of the
total 6Li production.
The metallicity dependence of the production yields can
be seen by comparing the curves obtained for [Fe/H]=-1 with
those for [Fe/H]=-3. The productions of Be and B are propor-
tional to the abundance of metals, because these species result
from spallation of fast (resp. ambient) C, N and O interacting
with ambient (resp. fast) H and He. On the other hand, the pro-
ductions of 6Li and 7Li are almost independent of metallicity,
because, for [Fe/H]<-1, the Li isotopes are produced almost ex-
clusively in He+He reactions. Consequences of these different
metallicity dependences are discussed in Sect. 4.3.
3. 6Li production model
3.1. Time evolution of 6Li abundance in MPHSs
We calculated the 6Li abundance in the atmosphere of MPHSs
by assuming that the 6Li nuclei produced by interaction of
flare-accelerated particles with stellar atmospheric matter are
instantaneously mixed into the bulk of the surface convec-
tion zone (SCZ). This is justified because the characteristic
timescales for variation of the depth of the SCZ are much larger
than typical convective turnover times (Kim & Demarque
1996). If the mass contained in the SCZ, Mcz(t), is a decreasing
function of time, which is the case during the main sequence
evolution (e.g. Richard et al. 2002), the net rate of variation of
6Li/H at the surface of a MPHS is independent of the variation
of Mcz(t), and can be written as
d
dt
( 6Li
H
)
=
Q(6Li)L⊙p (≥ 10 MeV) fa(t)
Mcz(t)/(1.4mp) − λD(t)
( 6Li
H
)
, (1)
where Q(6Li) is the 6Li production yield plotted in Fig. 1
(Q(6Li)∼2 nuclei per erg for s=4), L⊙p (≥ 10 MeV)∼1023 erg s−1
is the average power contained in solar-flare accelerated pro-
tons of energy E≥ 10 MeV (Ramaty & Simnett 1991; Ramaty
et al. 2000b), fa(t) is the time-dependent luminosity of the flare-
accelerated protons which irradiate the MPHS with respect to
that of the contemporary Sun, mp is the proton mass, and λD(t)
is the characteristic rate of 6Li loss from the SCZ. This last
term accounts for 6Li stellar depletion by various processes in-
cluding nuclear burning, gravitational settling, rotational mix-
ing, and the possible ejection of an unknown fraction of flare-
produced nuclei in stellar wind. The depletion of H due to the
SCZ shrinking is taken as identical to that of 6Li.
Although young stellar objects are known to present high
levels of flaring activity in all evolutionary stages from Class I
protostars to zero-age main sequence (Feigelson & Montmerle
1999), we show in Sect. 4.2 that 6Li production on the pre-main
sequence can be neglected. This is because (1) the duration of
the pre-main sequence is much shorter than that of the main
sequence and (2) the convection zones are deepest during the
early stages of stellar evolution, such that dilution of spallo-
genic 6Li is more important. We thus consider here only the
production of 6Li by stellar flares during the main sequence.
It has been known for many years that the chromospheric
and coronal activities of dwarf stars are closely related to their
rotation (Kraft 1967). This relationship results from the gener-
ation and amplification of surface magnetic fields by a complex
dynamo mechanism, whose efficiency depends on the interac-
tion between differential rotation and subphotospheric convec-
tion (Charbonneau & MacGregor 2001). There exists ample ev-
idence that stellar activity depends primarily on two quantities,
namely the stellar rotation period, Prot, and the effective tem-
perature, Teff. The first controls how much vorticity is injected
into turbulent motions in the convective envelope. The second
quantity is the best indicator of how deep is the SCZ where
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magnetic fields are generated (Richard et al. 2002). In particu-
lar, the SCZ characteristics in main-sequence stars of Pop II are
extremely close to those in Pop I stars with the same Teff (e.g.
Talon & Charbonnel 2004, Fig. 1). We thus assume that for
given Teff and Prot, both main-sequence star populations gener-
ate the same surface magnetic fields.
We also assume that the rate of proton acceleration in stellar
flares does not depend on metallicity, but only on surface mag-
netic flux. In solar flares, the particle acceleration processes at
work in impulsive events are related to excitation of plasma
waves that are essentially independent of the heavy element
content of the coronal plasma. Thus, in our model, the scaling
of the stellar-flare accelerated protons ( fa(t) in eq. 1) only de-
pends on Teff and Prot, such that it can be estimated using the
wealth of available data for the stellar activity of Pop I stars.
Numerous studies have searched for correlations between
observable manifestations of stellar magnetic activity and rota-
tion. X-ray emission may be the most widely available tracer of
surface magnetic activity. Although the exact mechanism(s) of
stellar coronal heating remains poorly understood, it leaves no
doubt that magnetic fields play the crucial role, such that coro-
nal X-ray measurements provide a good proxy for the stellar
magnetic flux (Pevtsov et al. 2003) and in turn for the flaring
activity. We used the extensive study of Pizzolato et al. (2003)
on the relationship between stellar rotation and coronal X-ray
emission in Pop I stars. These authors have selected a sam-
ple of 259 late-type main-sequence stars that were observed
with ROSAT, consisting of 110 field stars and 149 stars belong-
ing to young open clusters. The stellar rotation periods, which
were generally derived from photometric measurements, cover
the range 0.2<Prot<50 days. Strong correlations between the
X-ray luminosity, LX , and Prot were found. These correlations
depend on the B − V color of the stars, which reflects the de-
pendence of the surface magnetic fields on the depth of the
convection zone. To take into account this dependency, stel-
lar magnetic activity is usually studied as a function of the so-
called Rossby number, R0=Prot/τconv, where τconv is the con-
vective turnover time, which, for main sequence stars, is es-
sentially a function of the B − V color only. The 24 stars ob-
served by Asplund et al. (2006) are situated in the turnoff re-
gion of the Hertzsprung-Russel diagram and cover the B − V
color range 0.37 < B − V < 0.49. Using the database com-
puted with the Yale Stellar Evolution Code (Demarque et al.
2004 and references therein), we find that earlier in the main
sequence life, the stars selected by Asplund et al. (2006) were
in the color range ∼0.45 < B−V < 0.60. Pizzolato et al. (2003)
obtained the following relationship for the close color range
0.50 < B − V < 0.60:
LX = 1030.1 erg s−1 for Prot ≤ 1.8 days,
= 1030.1
(
Prot
1.8 days
)−2
erg s−1 for Prot > 1.8 days. (2)
Given the relatively narrow color range of interest, we used
for simplicity this relation to derive the time-dependent activity
level of Pop I stars, instead of a possible more general scaling
from the Rossby number1.
The time evolution of stellar rotation period during the
main sequence depends on the adopted law for the angular
momentum loss of the star. Pioneering observations have es-
tablished that measured rotational velocities on the main se-
quence roughly decrease as the inverse square root of the age
(Skumanich 1972). This is usually attributed to the loss of an-
gular momentum through magnetic stellar winds and corre-
sponds to a loss law of the form dJ/dt ∝ ω3, where ω is the
angular velocity (Kawaler 1988). Further observations have re-
vealed the existence of more rapid rotators on the early main
sequence than predicted by the above angular momentum loss
law (see Krishnamurthi et al. 1997 and references therein).
However, we adopted for simplicity the time dependence
Prot(t) = PZAMS
√
t
tZAMS
, (3)
where PZAMS is the rotation period at the zero-age main se-
quence (ZAMS), which we estimated from the recent study of
Herbst & Mundt (2005) (see below).
It is possible, however, that the rotational evolution of
Pop II stars has been different from their Pop I counterparts.
The existing data on the surface rotation velocity of MPHSs are
scarce and not very constraining (see Lucatello & Gratton 2003
and references therein). But it is well known that radiation-
driven mass loss, which carries away angular momentum, is
metallicity dependent. This is because the main source of radi-
ation opacity is provided by metal lines. This effect could lead
to higher rotation rate and hence higher surface magnetic field
and 6Li production by flares in MPHSs than in Pop I stars of
the same stellar age and initial rotation period PZAMS .
Finally to obtain an estimate of fa(t) (eq. 1), we need to re-
late the coronal X-ray luminosity to the flare-accelerated proton
luminosity, Lp(≥ 10 MeV). We use the following relation:
fa(t) =
Lp(≥ 10 MeV)
L⊙p(≥ 10 MeV)
=
(
LX
L⊙X
)α
, (4)
where the index α accounts for the fact that proton lumi-
nosity may not scale linearly with X-ray luminosity, in the
sense that most of the energetic protons can be produced by
the most powerful flares, whereas heating of stellar coronae
can essentially be related to less powerful but more frequent
flares. The relationship between X-ray luminosity and acceler-
ated proton fluence has been discussed several times for the
young Sun to address the role of energetic processes in the
early solar system (e.g. Lee et al. 1998; Feigelson et al. 2002;
Gounelle et al. 2006). In these studies, the proton luminosity
in the young solar nebula is inferred from X-ray observations
of stellar analogs of the pre-main sequence Sun. The mean
characteristic X-ray luminosity of these objects is measured to
1 MPHSs probably have much lower X-ray luminosities than those
given by eq. (2) (see Ottmann et al. 1997), due to the fact that coro-
nal X-ray emission is strongly dependent on metallicity, because, for
coronal temperatures below ∼2×107 K, the bulk of X-ray radiation is
emitted in lines from heavy elements. For MPHSs, this possibly lower
X-ray luminosity is not an indication of lower surface magnetic fields.
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Fig. 2. (a)(b) Calculated evolution of 6Li/H on the main sequence of MPHSs. The calculations assume that there is no 6Li in the
stellar atmospheres at the zero-age main sequence and do not take into account 6Li depletion. Panel (a) shows the dependence of
predicted 6Li/H on the star mass and metallicity, whereas panel (b) shows the effects of changing PZAMS (eq. 3) and α (eq. 4). (c)
Observed 6Li/H ratios as a function of metallicity. The data are from Asplund et al. (2006), Smith et al. (1998) and Cayrel et al.
(1999). The downward-directed arrows correspond to 1σ upper limits, except for the star BD +09◦2190 at [Fe/H]=-2.66, whose
measured isotopic ratio is 6Li/7Li=-0.033±0.027 (Asplund et al. 2006).
be LX∼2×104L⊙X and the proton luminosity is estimated to be
Lp(≥ 10 MeV)∼3 × 106L⊙p (≥ 10 MeV). This corresponds to
α∼1.5. Feigelson et al. (2002) have argued that such a nonlin-
earity is reasonable because the frequency distribution of solar
proton events as a function of energy, dN/dE∝E−1.15, is signif-
icantly flatter than that of X-ray events, dN/dE∝E−1.6 − E−1.8.
The total luminosity of the Sun’s corona in the
ROSAT/PSPC band (0.1–3 keV) ranges from≈2.7×1026 erg s−1
during the quiet phase to ≈4.7×1027 erg s−1 during maximum
phase (Peres et al. 2000). We use the average solar luminosity
L⊙X≃1027 erg s−1.
Equations (2–4) allow to estimate the time-dependent lu-
minosity of flare-accelerated protons for any Pop I, main-
sequence star in the color range 0.5 < B − V < 0.6 given
its initial rotation period PZAMS . As discussed above, this es-
timate is expected to be valid to first order to Pop II stars in
the same color range as well. Clearly, the relation between the
flare-accelerated proton luminosity and the coronal X-ray lu-
minosity (eq. 4) is the most uncertain step of the model, due to
our lack of knowledge of the heating and particle acceleration
processes at work in stellar flares.
Figures 2a and b show the evolution of 6Li/H abundance
ratios as the function of stellar age calculated from eq. (1). For
these figures, the calculations assume no 6Li depletion (λD=0)
and no presence of protostellar 6Li (for example of cosmic-
ray origin) in the stellar atmospheres (see below). We took
Mcz from the evolutionary models of MPHSs calculated by
Richard et al. (2002, Fig. 1). The age for the beginning of the
main sequence, tZAMS in eq. (3), is also from Richard et al.
(2002). The dependence of Mcz on stellar mass and metallicity
can be seen in Fig. 2a, where the 6Li production is calculated
for PZAMS=1 day and α=1.5. We see that the 6Li/H ratio in-
creases with increasing stellar mass, because the SCZ becomes
shallower. For example, in going from M∗=0.7 to 0.8 M⊙ for
[Fe/H]=-2.31, Mcz near turnoff is reduced by a factor of ∼50.
The 6Li/H ratio also increases with decreasing [Fe/H], because
the SCZ also becomes shallower as the metallicity is reduced
(Richard et al. 2002; see also Deliyannis & Malaney 1995).
Figure 2b shows the dependence of 6Li production on α
and PZAMS . The 6Li synthesis by flares is less important for
α=1 than for α=1.5, because the average proton luminosity is
lower in the former case. The time evolution of the 6Li/H ratio
is also very different for the two values of α. For α=1, 6Li/H is
strongly increasing near turnoff as Mcz becomes shallower. The
production of 6Li during the early main sequence is more im-
portant for α=1.5, because the luminosity of flare-accelerated
protons is high enough to compensate the deeper SCZ. We
also see that 6Li production strongly depends on PZAMS . For
PZAMS=1 day, the 6Li/H ratio reaches 5.3×10−12 and 2.8×10−11
at turnoff, for α=1 and 1.5, respectively. But for PZAMS=5 days,
we have only 6Li/H <∼ 3×10−13. The latter value is below the
sensitivity of the present 6Li measurements, which are shown
in Fig. 2c as a function of metallicity.
The data shown in this figure are from Asplund et al.
(2006), Smith et al. (1998) and Cayrel et al. (1999). The data of
Asplund et al. (2006) are often restricted in the recent literature
on this subject (see e.g. Prantzos 2006) to the nine detections of
6Li at ≥2σ confidence level. This procedure is valuable when
the main concern is to discuss the existence of high 6Li abun-
dances even at low metallicity. But it would have introduced
a strong bias in our subsequent statistical analysis, especially
when analysing the dispersion of the data. In the definition of
our sample, we thus kept all the measured 6Li/7Li ratios what-
ever their values. However, following Asplund et al. (2006),
we excluded from their data the Li-rich star HD 106038, which
has strong overabundances in Be, Si, Ni, Y and Ba, suggest-
ing an enrichment by mass transfer from a companion star. We
also did not take into account the relatively cool (Teff=5980 K)
star HD 19445, whose mass (M∗<0.7 M⊙) is significantly lower
than that of the other stars observed by Asplund et al. (2006).
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As discussed by the authors, this metal-poor dwarf was only
included in the observational program to provide a consistency
check of the measurements, given that no significant 6Li was
expected to be detected. Smith et al. (1998) reported measure-
ments of 6Li/7Li isotopic ratios with 1σ errors in nine single
MPHSs. Among them, the four stars not observed by Asplund
et al. (2006) were included in the data sample: HD 74000,
HD 84937, BD +42◦2667, and BD +20◦3603. For HD 84937,
however, we used the more accurate isotopic ratio measured by
Cayrel et al. (1999): 6Li/7Li=0.052±0.019. In total, the sample
contains 26 stars. The 6Li/H ratios plotted in Fig. 2c were ob-
tained by multiplying 6Li/7Li with the measured non-LTE Li
abundances.
From a qualitative comparison between Figs. 2b and 2c, it
can be anticipated that results of the model would not be ex-
cluded by the current data, provided the distribution of PZAMS
for MPHSs includes both slowly (PZAMS >∼ 2 days) and rapidly
rotating stars during the early main sequence. To check further
the validity of the model, one needs, however, to compare the
data to predicted frequency distributions of 6Li abundances in
MPHSs.
3.2. Frequency distribution of 6Li/7Li ratios in MPHSs
Theoretical frequency distributions of 6Li/H values were calcu-
lated using a Monte-Carlo method. We first generated cubes of
6Li abundance values near turnoff using PZAMS , M∗ and [Fe/H]
as axes of each cube. We assumed the age of the MPHSs to be
∼13.5 Gyr (e.g. Richard et al. 2002). For the stars that are al-
ready on the subgiant branch at 13.5 Gyr, we used their turnoff
age (Richard et al. 2002), which depends on M∗ and [Fe/H].
Star samples with given distributions of rotation rate, mass and
metallicity were then built by generation of the appropriate ran-
dom numbers. The 6Li surface abundance of each generated
star was obtained from polynomial interpolation in the cubes.
The calculated 6Li/H values were finally binned to give the cor-
responding relative frequencies.
We estimated the statistical distribution of PZAMS from
the study of Herbst & Mundt (2005). These authors have an-
alyzed available data for the rotation period of ∼500 pre-
main sequence and early main sequence stars belonging to
five nearby young clusters: the Orion nebula cluster, NGC
2264, α Per, IC 2602, and the Pleiades. They found that 50–
60% of young main sequence stars of solar-like mass (0.4–
1.2 M⊙) are rapidly rotating (PZAMS <∼ 2 days). As discussed
by Herbst & Mundt, these stars were probably released from
any accretion disk locking mechanism very early on and thus
conserved angular momentum throughout most of their pre-
main sequence evolution. On the other hand, the remaining
40–50% stars that are more slowly rotating lost substantial
amounts of angular momentum during their first million years,
probably through interactions with their accretion disk. We
approximated the observed bimodal distribution of stellar ro-
tation period by two Gaussian distributions of equal weight,
with means and standard deviations (µF=0.8 day;σF=0.3 day)
and (µS=4.3 days;σS=2 days) for the fast and slow rotators,
respectively. For the fast rotators, a cutoff was introduced at
PZAMS=0.2 day (Herbst & Mundt 2005).
It is likely, however, that the distribution of PZAMS in metal-
poor Pop II stars has been different from that observed in Pop I
stars, due to some metallicity effects in the process of star for-
mation, e.g. a possible weakening of the magnetic coupling
between the forming star and its surrounding with decreasing
[Fe/H]. Such effects could lead to an enhancement of the frac-
tion of rapidly rotating MPHSs in comparison with the propor-
tions measured for their Pop I counterparts (see Maeder et al.
1999).
We assumed the mass distribution of the 26 single stars of
the sample to be uniform between 0.7 and 0.8 M⊙. This is the
approximate mass range estimated by Asplund et al. (2006, see
Fig. 6) for their star sample, using the evolutionary tracks cal-
culated by VandenBerg et al. (2000).
Figure 3a shows calculated frequency distributions of flare-
produced 6Li abundances for 3 stellar metallicities: [Fe/H]=-
2.92, -1.02 and -2.02. The first two values are the minimum and
maximum measured metallicities of the data sample. The 6Li/H
distributions were obtained from the distributions of PZAMS and
M∗ discussed above, assuming α=1.5 (eq. 4) and a constant 6Li
depletion factor for all stars, D6=0.4 dex. This value is the ap-
proximate average of the main sequence depletion of 6Li pre-
dicted from the so-called T6.09 turbulent diffusion model of
Richard et al. (2002, 2005; see also Table 6 of Asplund et al.
2006). The bimodal character of the 6Li/H distributions shown
in Fig. 3a results from that of the PZAMS distribution. Thus,
rapidly (slowly) rotating MPHSs produce 6Li/H abundance ra-
tios greater (lower) than ∼10−12. We also see in Fig. 3a that the
predicted 6Li distributions are shifted to higher values as the
metallicity decreases. This is because the SCZ becomes shal-
lower with decreasing [Fe/H] (see also Fig.2a).
We have neglected up to now 6Li production by galactic
cosmic-ray (GCR) nucleosynthesis. However, the production
of that light isotope by interaction of energetic nuclei in GCRs
with the interstellar medium is well established (e.g. Reeves et
al. 1970; Vangioni-Flam et al. 2000). In fact, galactic chemical
evolution models show that 6Li production by GCR interac-
tions can exceed the observed 6Li stellar abundances for metal-
licities [Fe/H] >∼ -2 (Rollinde et al. 2005; Prantzos 2006). This
can be accounted for by significant 6Li depletion at relatively
high metallicities. In particular, the relatively low abundances
measured by Nissen et al. (1999) in two galactic disk stars with
[Fe/H]≃-0.6 (HD 68284 and HD 130551; 6Li/H≃10−11) require
a depletion of GCR-produced 6Li by ∼0.8 dex (Prantzos 2006).
This depletion factor can result from a significant 6Li depletion
during the pre-main sequence (see Asplund et al. 2006, Table 6;
Piau 2005), in addition to that occuring on the main sequence.
We took into account the GCR-produced 6Li from the galac-
tic evolution curve shown in Fig. 3 of Prantzos (2006), assum-
ing, for simplicity, a metallicity-independent depletion factor
D6CR=0.8 dex for all stars2. D6CR is higher than D6, because
2 The stellar evolution calculations of Richard et al. (2002, 2005)
and Piau (2005) predict an increase of the 6Li pre-main sequence de-
pletion with increasing [Fe/H]. However, the pre-main sequence de-
pletion factors are considered to be very uncertain (e.g. Proffitt &
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Fig. 3. Normalized frequency distributions of (a) calculated 6Li/H ratios for 3 values of [Fe/H] without cosmic-ray 6Li production,
(b) the same but with a cosmic-ray 6Li contribution, and c) calculated and observed 6Li/7Li ratios averaged over metallicity. The
calculations assume α=1.5 (eq. 4) and depletion factors for flare-produced and cosmic-ray produced 6Li of 0.4 and 0.8 dex,
respectively (see text).
of the additional depletion of GCR-produced 6Li on the the
pre-main sequence. Calculated 6Li distributions with the GCR
contribution are shown in Fig. 3b. The three distributions now
appear to be significantly different, as a result of the metallic-
ity dependence of the GCR-produced 6Li component. But we
can see from a comparison between Figs. 3a and 3b that for
[Fe/H]<-2, the GCR contribution does not significantly modify
the flare-produced 6Li/H distributions for the population of fast
stellar rotators.
In the comparison to the data, both experimental and theo-
retical 6Li/7Li ratios were averaged over the metallicity distri-
bution. Although it necessarily limits the sensitivity of the test
of the model, averaging over metallicity appears to be unavoid-
able for the test to be statistically significant, given the scarcity
of the current data and the relatively large experimental uncer-
tainties.
We show in Fig. 3c a comparison of observed and calcu-
lated frequency distributions. The data distribution takes into
account the experimental errors. It was obtained by creating
Gaussian distributions whose means were the measured iso-
topic ratios and whose standard deviations were the measured
1σ errors, and then summing them. The resulting distribution
was then binned into a histogram using a bin width of 0.01,
which is comparable to the experimental errors. For the data
compatible with 6Li/H=0, the probabilities associated with po-
tential negative values of 6Li/H were taken into account when
calculating the content of the first bin. The theoretical distribu-
tions were obtained by dividing the 6Li abundances calculated
for each generated MPHS (i.e. as a function of PZAMS , M∗ and
[Fe/H]), by the estimated metallicity-dependent 7Li content of
that star. We used the univariate linear fit given by Asplund et
al. (2006):
log ǫ 7Li = (2.409 ± 0.020) + (0.103 ± 0.010) · [Fe/H] , (5)
where log ǫ 7Li=log(7Li/H)+12.
Michaud 1989) and it is sufficient for the scope of this paper to ne-
glect the possible metallicity dependence of D6CR.
To test the null hypothesis that the 6Li/7Li data sample
comes from a specific distribution calculated in the frame-
work of the model, we used a generalization of the standard
chi-square goodness-of-fit test. We chose for the test statistic
the general χ2 statistic given by Baker & Cousins (1984) for
Poisson-distributed data:
χ2λ = 2
∑
i
[(yi − ni) + ni ln(ni/yi)] , (6)
where i is the 6Li/7Li bin number, yi is the average number of
stars predicted by the model with a given set of parameters to
be in the ith bin, and ni is the number of events in the ith bin
from a given draw of 26 stars. The probability density function
of χ2
λ
was constructed by generating random 6Li/7Li frequency
distributions from a large number of samples of size Nstar=26,
drawn from the population described by the model with the
given set of parameters. The distributions were limited to the
seven most significant bins for the test, i.e. 6Li/7Li<0.07. The
experimental value, χ2
λ,exp, was calculated from the data distri-
bution using the same values of yi (i.e. the same model parame-
ters) as above. The result of the test was then obtain by deriving
from the calculated probability density function the probability
of observing a value χ2
λ
> χ2
λ,exp (see Brandt 1976).
The corresponding probabilities without and with the
cosmic-ray 6Li production were found to be 34.7% and 99.8%,
respectively. Thus, given the usual significance level of 5%,
the null hypothesis ”the considered 6Li/7Li data distribution is
correctly described by the model with the given parameter val-
ues” must not be rejected when cosmic-ray 6Li production is
taken into account. When the contribution of GCR-produced
6Li is not taken into account, the fraction of slowly rotating
stars that produce 6Li/7Li ratios lower than 0.01 is too high
to get a quantitatively good agreement with the data (Fig. 3c),
even if the overall trend of the observed frequency distribution
is reproduced. It is noteworthy that a strong discrepancy is ob-
served between the data and the model when 6Li is supposed to
be only produced by GCR with a depletion of 0.8 dex. In that
case, the probability for 6Li/7Li to be higher than 0.03 vanishes.
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The statistical test described above can also be used to esti-
mate confidence intervals for the model parameters. We studied
in particular confidence limits for α (eq. 4). We found this pa-
rameter to be strongly correlated with the 6Li depletion factor.
For the extreme case D6=0 (i.e. no depletion of flare-produced
6Li) we obtained α>1.2 with a confidence level of 68% (i.e.
1σ). Thus, a necessary condition for the model to be valid
is that the stellar-flare-accelerated proton luminosity does not
scale linearly with the coronal X-ray luminosity.
4. Discussion
4.1. There is no 6Li plateau
We have presented a model of 6Li production by stellar flares
that can explain the recent measurements of 6Li in several
MPHSs. We have shown that the measured 6Li/7Li frequency
distribution can result from a combination of flare-produced
6Li with a protostellar 6Li component from GCR nucleosyn-
thesis. This scenario implies a relatively large dispersion of the
6Li/7Li ratios, which is mainly due to variations in the 6Li pro-
duction of each star, rather than variations in the 6Li depletion.
The good agreement observed between data and model pre-
dictions suggests a large scatter of observational 6Li/7Li ra-
tios around mean value. In view of this, the existence of a
”
6Li plateau” from the data of Asplund et al. (2006), as is al-
most always reported in the recent literature on this subject,
appears highly questionable. We note that Asplund et al. them-
selves carefully caution that their 6Li data do not necessarily
imply the existence of a plateau given the observational scatter
and the current sensitivity of the 6Li abundance measurements.
This wording is reminiscent of the well-known ”Spite plateau”
for 7Li (Spite & Spite 1982), and thus suggests the same pre-
galactic origin for the two isotopes.
But we think that it is misleading and to further demon-
strate this point, we performed a statistical test of the existence
of the ”6Li plateau”. The null hypothesis ”there is a plateau”
(i.e. a moderately tilted averaged linear dependence of 6Li/H on
metallicity with a small data dispersion around the mean value)
was tested by performing a least squares linear regression to the
data of Fig. 2c. From the obtained minimum χ2, χ2
min=37.4 for
24 degrees of freedom, it can be concluded that the hypothe-
sis ”there is a plateau” can be rejected at the usual significance
level of 5%. This high value of χ2
min reflects a significant in-
trinsic scatter of the data (σobs=3.44×10−12 for a 6Li/H mean
value of 3.34×10−12), when compared to the measurement er-
rors. In comparison, the equivalent linear regression performed
by Asplund et al.(2006) on 7Li/H values indicates a very small
scatter of 0.033 dex around the fit. We checked that similar re-
sults were obtained with our somewhat enlarged sample, with
σobs=1.51×10−11 for a 7Li/H mean value of 1.63×10−10.
4.2. 6Li production in young stellar objects
Young stellar objects (YSOs) are sites of very intense flares
that are observed in X-rays. Recent observations of the Orion
Nebula Cluster (ONC) with the Chandra satellite have shown
that the X-ray activity of nonaccreting T Tauri stars (TTSs)
is consistent with that of rapidly rotating main-sequence
stars, while accreting TTSs are on average less X-ray active
(Preibisch et al. 2005). These measurements suggest that a sim-
ilar magnetic dynamo mechanism produces the X-ray activity
in TTSs and main-sequence stars, although the correlation be-
tween X-ray activity and stellar rotation is not observed in pre-
main sequence stars (Preibisch & Feigelson 2005; Preibisch et
al. 2005). Magnetic field generation in YSOs may involve a
turbulent convective dynamo that does not depend on rotation
(Barnes 2003).
The flaring activity of YSOs is thought to be responsible for
various high energy processes that are important for the for-
mation of asteroids and planets (e.g. Feigelson & Montmerle
1999). In particular, irradiation of the inner accretion disk (the
so-called ”reconnection ring”) by flare-accelerated ions can
produce the relatively short-lived radionuclei (T1/2<5 Myr) that
were present in the solar system when the calcium-aluminium-
rich inclusions were formed (Lee et al. 1998; Gounelle et
al. 2006 and references therein). In this scenario, the flare-
accelerated particles are confined by magnetic fields that con-
nect the star with the inner part of the accretion disk.
To obtain an upper limit on 6Li production in YSOs, we
assumed that all flare-accelerated particles are impinging on
the stellar atmosphere, where they produce nuclear reactions in
thick target interactions. The level of proton irradiation was es-
timated from eq. (4), with α=1.5. We used for the mean charac-
teristic X-ray luminosity of YSOs the fit as a function of stellar
age obtained by Preibisch & Feigelson (2005) for ONC stars in
the mass range 0.4–1 M⊙:
log LX = 30.25 − 0.32 log
(
t
106 yr
)
erg s−1 . (7)
These X-ray observations were made with Chandra in the 0.5–
8 keV energy band. The average solar luminosity in the same
energy range is log L⊙X∼26.1 erg s−1 (see Peres et al. 2000).
The surface 6Li abundance should be strongly diluted dur-
ing the pre-main sequence, when the convection zones are
deepest. We took the time evolution of Mcz in metal-poor YSOs
from Deliyannis & Malaney (1995, Fig. 2). Using their re-
sults for [Fe/H]=-2.3 and M∗=0.8 M⊙, which give the shal-
lowest SCZ for t >∼ 1 Myr, we get from eq. (1) with λD=0:
6Li/H=4.2×10−13 at t=107 yr. The 6Li abundance will be fur-
ther depleted before the star reachs the turnoff region. Thus,
production of spallogenic 6Li during the pre-main sequence
should not significantly contribute to the observed 6Li abun-
dances (see Fig. 2c).
4.3. 7Li, Be and B production by stellar flares
Deliyannis & Malaney (1995) have proposed to use the 6Li/Be
and B/Be ratios in the MPHS HD 84937 to discriminate
flare-produced 6Li from 6Li of protostellar origin. However,
Lemoine et al. (1997) have pointed out that the amount of flare-
produced Be and B should anyhow be negligible with respect
to the amount of Be and B observed in this star.
Be and B are produced by spallation from C, N and O,
whereas 6Li is mainly produced by the interactions of accel-
erated 3He and α-particles with atmospheric He (Sect. 2). The
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flare-produced Be/6Li and B/6Li ratios are thus proportional to
the star metallicity. For the accelerated particle spectral index
s=4, we find the following yield ratios (see Fig. 1):
Q(Be)
Q(6Li) = 3.5 × 10
−3 Z
Z⊙
and
Q(B)
Q(6Li) = 0.10
Z
Z⊙
, (8)
where Z/Z⊙=10[Fe/H]. The observed limit 6Li/H<2×10−11 (see
Fig. 2c) implies for the flare-produced Be and B abundances:(
Be
H
)
Flare
< 7 × 10−14 Z
Z⊙
and
(
B
H
)
Flare
< 2 × 10−12 Z
Z⊙
. (9)
These limits should be compared with the Be and B abun-
dances measured in MPHSs. It is well-known that these abun-
dances are both approximately proportional to Z/Z⊙. The fol-
lowing fits to the data have been obtained (see Boesgaard et al.
1999 for Be, Duncan et al. 1997 for B):
Be
H
≃ 4 × 10−11 Z
Z⊙
and
B
H
≃ 6 × 10−10 Z
Z⊙
. (10)
Thus, the amounts of Be and B produced in flares should al-
ways be negligible as compared with the observed abundances,
as Lemoine et al. (1997) already showed for HD 84937.
This conclusion holds true for 7Li as well. For s=4, we
calculate that independently of metallicity Q(7Li)=0.45Q(6Li)
(Fig. 1). The measured isotopic ratios 6Li/7Li are <0.1
(Fig. 3c). Thus, if 6Li and 7Li are similarly depleted during the
main sequence (Richard et al. 2005), flares should contribute
less than a few percent to the 7Li content of MPHSs.
4.4. Observational tests of the model
Flare-produced 6Li is most likely to be observed in active
MPHSs having a relatively thin SCZ on the main sequence. The
mass Mcz of the SCZ during the main sequence and at turnoff
is a decreasing function of the stellar effective temperature Teff
(e.g. Richard et al. 2002). Thus, as discussed by Deliyannis &
Malaney (1995), we expect to observe an increase of 6Li/7Li as
a function of Teff. Such a relationship, however, is also expected
from stellar depletion of protostellar Li (Richard et al. 2005;
Deliyannis & Malaney 1995). Thus, even if a large database
of Li measurements in MPHSs could allow one to identify a
dependence of 6Li/7Li on Teff, which is not the case with the
current data, this would not allow one to unambiguously dis-
criminate between flare-produced and protostellar 6Li.
Deliyannis & Malaney (1995) have proposed more specifi-
cally to use 6Li/7Li as a function of Teff on the subgiant branch,
in the temperature range 6000–6600 K. They argued that if 6Li
is produced by flares, 6Li/7Li should decrease with decreas-
ing Teff because of the increasing Mcz past the turnoff, whereas
the same ratio should be constant if 6Li is of protostellar ori-
gin, because the preservation region of protostellar 6Li in sub-
giant MPHSs is expected to be larger than the SCZ. However,
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Fig. 4. Double differential probability distribution showing
the correlation expected between 6Li/7Li and the stellar ro-
tation velocity. The calculations were performed with α=1.5,
D6=0.4 dex and D6CR=0.8 dex.
Lemoine et al. (1997) have questioned the reliability of this ob-
servational test, which strongly depends on the adopted stellar
physics. In particular, stellar-evolution models including dif-
fusion and turbulent mixing (Richard et al. 2005; Korn et al.
2006) may not predict the same 6Li/7Li vs. Teff relationships.
A more powerful observational test might be provided
by the correlation expected between the abundance of flare-
produced 6Li and the stellar rotation velocity, which is proba-
bly one of the best indicators of the level of flaring activity that
the stars experienced during their main sequence evolution. To
study this relationship, we introduced the equatorial rotation
velocity of each generated star into our Monte-Carlo simula-
tion,
vrot =
2πR∗
Prot
, (11)
where the stellar radius R∗ at t∼13.5 Gyr was obtained from
the Dartmouth stellar evolution code developed by Chaboyer
et al. (2001) and Guenther et al. (1992) 3, and the rota-
tion period Prot was estimated from eq. (3). We remind the
reader that eq. (3) only provides a first-order description of
the rotation period evolution during the main sequence (see
Krishnamurthi et al. 1997; Piau 2005). Figure 4 shows a cal-
culated distribution of stars as a function of 6Li/7Li and vrot.
We used the same parameters as before:α=1.5, D6=0.4 dex and
D6CR=0.8 dex (see Fig. 3c). We see that, on average, 6Li/7Li in-
creases with increasing vrot. Thus, the calculated mean isotopic
ratio is 6Li/7Li=0.012 for 0<vrot≤2 km s−1 and 6Li/7Li=0.045
for 2<vrot≤4 km s−1.
We did not take into account in these calculations the pos-
sible dependence of Li depletion with stellar rotation. Stellar-
evolution models with rotationally-induced mixing predict that
3 See also URL http://stellar.dartmouth.edu/∼evolve/
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6Li depletion increases faster than 7Li depletion with increas-
ing rotation rate (Pinsonneault et al. 1999). This effect could
lead to a reduction of the 6Li/7Li ratio with increasing vrot.
Asplund et al. (2006) have derived the projected rotation
velocity vrot sin i of 18 MPHSs from an analysis of several
spectral lines using 3D LTE model atmospheres. The derived
vrot sin i values range from 0.4 to 3.8 km s−1. These high esti-
mated vrot sin i values would help the flare model for the origin
of 6Li. However, as discussed by Asplund et al., it is possible
that part or all of the estimated rotational velocities are spoilt by
systematic uncertainties due to the adopted stellar parameters
for the 3D models. We note also that the expected correlation
should be more difficult to identify with the projected rotation
velocity vrot sin i, which of course is lower than the true vrot used
in Fig. 4.
The relationship between Li abundance and stellar rotation
can be more easily investigated in young Pop I stars, which
have larger rotational velocities. Observations of dwarf stars in
young open clusters (Soderblom et al. 1993; Garcı´a-Lo´pez et
al. 1994; Randich et al. 1998) and in the solar neighbourhood
(Cutispoto et al. 2003) have shown than the largest Li abun-
dances are found in rapidly rotating stars with the strongest
chromospheric emission. These observations are not explained
by stellar models of rotation-induced Li depletion, which pre-
dict on the contrary that fast rotation enhances the mixing pro-
cesses that lead to Li destruction (e.g. Charbonnel et al. 1992;
Pinsonneault 1997; Piau & Turck-Chie`ze 2002). As discussed
in Randich et al. (1998), it is possible that rapidly rotating,
young stars deplete less Li because they undergo little angu-
lar momentum loss and transport, and hence little rotationally-
driven mixing, until they reach the ZAMS. The observed corre-
lation between log ǫ Li and vrot sin i could also be partly due to
stellar activity phenomena that may not be properly taken into
account in Li abundance measurement (Cutispoto 2002; Xiong
& Deng 2005). However, Li production by flares could also
play a role, although the SCZs of these young stars are rela-
tively deep. Our calculations show that the high Li abundances
found in the fast rotating stars (Li/H∼10−9) could be produced
in flares, only if the spallogenic Li is not too rapidly diluted
into the bulk of the SCZs. A large fraction of these Li atoms
would then be 6Li.
5. Summary
We have developed a model of light element production by stel-
lar flares that can explain the recent observations of 6Li in sev-
eral MPHSs near turnoff, thus avoiding the need for a signifi-
cant pre-galactic source of this isotope. We have shown that 6Li
could be mostly produced by the reaction 4He(3He,p)6Li, if, as
in solar flares, energetic 3He nuclei are strongly enriched by a
stochastic acceleration process.
The model is based on our current knowledge of the flar-
ing activity of Pop I dwarf stars. Assuming for these high-
metallicity objects a power-law relationship between the lumi-
nosity of flare-accelerated protons and the coronal X-ray lumi-
nosity, and using a well-established dependence of the X-ray
luminosity on stellar rotation and in consequence on age, we
have constructed a simple time-dependent model for the aver-
age power contained in stellar-flare accelerated particles. We
then have used this flaring-activity parameter to model the pro-
duction of 6Li in the atmospheres of MPHSs.
Theoretical frequency distributions of 6Li/7Li in MPHSs
near turnoff were calculated using a Monte-Carlo method and
compared with the data of Smith et al. (1998), Cayrel et al.
(1999) and Asplund et al. (2006). We took into account proto-
stellar 6Li produced by GCR nucleosynthesis as an additional
contribution, which is only significant in stars of [Fe/H]>-2.
Excellent agreement was found with the measured 6Li/7Li dis-
tribution.
Both stellar depletion factors for flare-produced and
cosmic-ray produced 6Li were treated in a first approximation
as metallicity-independent parameters. The average values of
these parameters were estimated from the stellar-evolution cal-
culations of Richard et al. (2002, 2005). Prantzos (2006) has ar-
gued that if a pre-galactic source of protostellar 6Li is to explain
the abundances measured in the lowest metallicity stars, the un-
avoidable contribution of GCR-produced 6Li at [Fe/H]>-2 im-
plies the existence of a ”fine-tuned and metallicity-dependent
depletion mechanism”. This ”fine-tuning” is relaxed in the flare
model, because the flare-produced 6Li component is less de-
pendent on metallicity and less depleted than the protostellar
6Li contribution from the GCR.
An observational signature of the flare model will be dif-
ficult to obtain. We propose to seek for a positive correlation
between 6Li/7Li and stellar rotation velocity. We hope that the
current development of 3D model atmospheres will allow accu-
rate measurements of the projected rotation velocities of many
MPHSs. The predicted increase of 6Li/7Li as a function of vrot
is not expected in models of MPHSs that include rotational
mixing and Li depletion (Pinsonneault et al. 1999).
Further improvements in the model would be necessary to
make more detailed predictions realistic. Such improvements
rely on advances in our understanding of physical processes
underlying stellar rotation and flaring activity, as well as more
high-quality measurements of Li isotopic abundances in both
Pop I and II stars.
We have shown that the amounts of 7Li, Be and B produced
in flares should always be negligible as compared with the ob-
served abundances of these species in MPHSs. 6Li may provide
a unique tool to study the nuclear processes occuring in stellar
flares.
Acknowledgements. We would like to thank Mike Harris for fruit-
ful discussions and his constructive comments on the manuscript. We
are also indebted to Elisabeth Vangioni, Alain Coc, Ju¨rgen Kiener,
Matthieu Gounelle, and Nikos Prantzos for extremely helpful con-
versations. We finally acknowledge a very valuable discussion with
Martin Asplund on the 6Li data.
References
Asplund, M., Lambert, D. L., Nissen, P. E., et al. 2006, ApJ, 644, 229
Baker, S., & Cousins, R. D. 1984, Nucl. Instrum. Methods Phys. Res.,
221, 437
Barnes, S. A. 2003, ApJ, 586, 464
Boesgaard, A. M., Deliyannis, C. P., King, J. R., et al. 1999, AJ, 117,
1549
V. Tatischeff and J.-P. Thibaud: Flare production of 6Li in metal-poor halo stars 11
Bonifacio, P., Molaro, P., Sivarani, T., et al. 2006, accepted for publi-
cation in A&A, astro-ph/0610245
Brandt, S. 1976, in Statistical and Computational Methods in Data
Analysis, Second edition (North-Holland Publishing Company,
Amsterdam)
Canal, R., Isern, J., & Sanahuja, B. 1975, ApJ, 200, 646
Cayrel, R., Spite, M., Spite, F., et al. 1999, A&A, 343, 923
Chaboyer, B., Fenton, W. H., Nelan, J. E., Patnaude, D. J., & Simon,
F. E. 2001, ApJ, 562, 521
Charbonneau, P., & MacGregor, K. B., 2001, ApJ 559, 1094
Charbonnel, C., Vauclair, S., & Zahn, J.-P. 1992, A&A, 255, 191
Chaussidon, M., & Robert, F. 1999, Nature, 402, 270
Christian, D. J., Mathioudakis, M., Jevremovic`, D., Hauschildt, P. H.,
& Baron, E. 2005, ApJ, 632, L127
Coc, A., Vangioni-Flam, E., Descouvemont, P., Adahchour, A., &
Angulo, C. 2004, ApJ, 600, 544
Cutispoto, G. 2002, AN, 323, 325
Cutispoto, G., Tagliaferri, G., de Medeiros, J. R., et al. 2003, A&A,
397, 987
Cyburt, R. 2004, Phys. Rev. D, 70, 023505
Deliyannis, C. P., & Malaney, R. A. 1995, ApJ 453, 810
Demarque, P., Woo, J.-H., Kim, Y.-C., & Yi, S. K. 2004, ApJS, 155,
667
Duncan, D. K., Primas, F., Rebull, M. L., et al. 1997, ApJ, 488, 338
Ellis, J., Olive, K. A., & Vangioni, E. 2005, Phys. Lett. B, 619, 30
Feigelson, E. D., Garmire, G. P., & Pravdo, S. H. 2002, ApJ, 572, 335
Feigelson, E. D., & Montmerle, T. 1999, ARA&A, 37, 363
Garcı´a Lo´pez, R.J., Rebolo, R., & Martı´n, E.L. 1994, A&A 282, 518
Gershberg, R. E. 2005, Solar-Type Activity in Main-Sequence Stars
(Berlin: Springer)
Gounelle, M., Shu, F. H., Shang, H., et al. 2006, ApJ, 640, 1163
Guenther, D. B., Demarque, P., Kim, Y.-C., & Pinsonneault, M. H.
1992, ApJ, 387, 372
Herbst W., & Mundt, R. 2005, ApJ, 633, 967
Hobbs, L. M., & Thorburn, J. A. 1997, ApJ, 491, 772
Jedamzik, K. 2000, Phys. Rev. Lett., 84, 3248
Jedamzik, K., Choi, K. Y., Roszkowski, L., & Ruiz de Austri, R. 2005,
arXiv:hep-ph/0512044
Kawaler, S. D. 1988, ApJ, 333, 236
Kawasaki, M., Kohri, K., & Moroi, T. 2005, Phys. Rev. D, 71, 083502
Kim, Y. C., & Demarque, P. 1996, ApJ, 457, 340
Korn, A. J., Grundahl, F., Richard, O., et al. 2006, Nature, 442, 657
Kraft, R. P. 1967, ApJ 150, 551
Krishnamurthi, A., Pinsonneault, M. H., Barnes, S., & Sofia, S. 1997,
ApJ, 480, 303
Kusakabe, M., Kajino, T., & Mathews, G. J. 2006, Phys. Rev. D, 74,
023526
Lee, T., Shu, F. H., Shang, H., Glassgold, A. E., & Rehm, K. E. 1998,
ApJ, 506, 898
Lemoine, M., Schramm, D. N., Truran, J. W., & Coppi, C. J. 1997,
ApJ, 478, 554
Lucatello, S., & Gratton, R. G. 2003, A&A, 406, 691
Maeder, A., Grebel, E. K., & Mermilliod, J.-C. 1999, A&A, 346, 459
Manzhavidze, N., Ramaty, R., & Kozlovsky, B. 1999, ApJ, 518, 918
Mathioudakis, M., Drake, J. J., Craig, N., et al. 1995, A&A, 302, 422
Mercer, D., Austin, S., Brown, J., et al. 2001, Phys. Rev. C, 63, 065805
Montes, D., & Ramsey, L. W. 1998, A&A, 340, L5
Nissen, P. E., Lambert, D. L., Primas, F., & Smith, V. V. 1999, A&A,
348, 211
Ottmann, R., Fleming, T. A., & Pasquini, L. 1997, A&A, 322, 785
Peres, G., Orlando, S., Reale, F., Rosner, R., & Hudson, H. 2000, ApJ,
528, 537
Pevtsov, A. A., Fisher, G. H., Acton, L. W., et al. 2003, ApJ 598, 1387
Piau, L. 2005, submitted to ApJ, astro-ph/0511402
Piau, L., & Turck-Chie`ze, S. 2002, ApJ, 566, 419
Pinsonneault, M. H. 1997, ARA&A, 35, 557
Pinsonneault, M. H., Walker, T. P., Steigman, G., & Narayanan, V. K.
1999, ApJ, 527, 180
Pizzolato, N., Maggio, A., Micela, G., Sciortino, S., & Ventura, P.
2003, A&A, 397, 147
Prantzos, N. 2006, A&A, 448, 665
Preibisch, T., Kim, Y.-C., Favata, Fabio, et al. 2005, ApJS, 160, 401
Proffitt, C. R., & Michaud, G. 1989, ApJ, 346, 976
Ramaty, R., Kozlovsky, B., Lingenfelter, R., & Reeves, H. 1997, ApJ,
488, 730
Ramaty, R., Mandzhavidze, N., & Kozlovsky, B. 1996, in AIP
Conf. Proc. 374, High-Energy Solar Physics, ed. R. Ramaty, N.
Mandzhavidze, & X.-M. Hua (Woodbury: AIP), 172
Ramaty, R., Scully, S., Lingenfelter, R., & Kozlovsky, B. 2000a, ApJ,
534, 747
Ramaty, R., & Simnett, G. M. 1991, in The Sun in Time, ed. C.
P. Sonett, M. S. Giampapa, & M. S. Matthews (Tucson: Univ.
Arizona Press), 232
Ramaty, R., Tatischeff, V., Thibaud, J.-P., Kozlovsky, B., &
Mandzhavidze, N. 2000b, ApJ, 534, L207
Randich, S., Martı´n, E. L., Garcı´a Lo´pez, R. J., & Pallavicini, R. 1998,
A&A, 333, 591
Reames, D. V. 1999, Space Sci. Rev., 90, 413
Reeves, H., Fowler, W., & Hoyle, F. 1970, Nature, 226, 727
Richard, O., Michaud, G., & Richer, J. 2002, ApJ, 580, 1100
Richard, O., Michaud, G., & Richer, J. 2005, ApJ, 619, 538
Ritzenhoff, S., Schrter, E. H., & Schmidt, W. 1997, A&A, 328, 695
Rollinde, E., Vangioni, E., & Olive, K. 2005, ApJ, 627, 666
Rollinde, E., Vangioni, E., & Olive, K. 2006, ApJ, in press
Ryan, S. G., Norris, J. E., & Beers, T. C. 1999, ApJ, 523,654
Ryter, C., Reeves, H., Gradsztajn, E., & Audouze, J. 1970, A&A, 8,
389
Share, G. H., & Murphy, R. J. 1997, ApJ, 485, 409
Skumanich, A. 1972, ApJ, 171, 565
Smith, V. V., Lambert, D. L., & Nissen, P. E. 1993, ApJ, 408, 262
Smith, V. V., Lambert, D. L., & Nissen, P. E. 1998, ApJ, 506, 405
Soderblom, D.R., Jones, B.F., Balachandran, S., et al. 1993, AJ 106,
1059
Spite, F., & Spite, M. 1982, A&A, 115, 357
Suzuki, T. K., & Inoue, S. 2002, ApJ, 573, 128
Talon, S., & Charbonnel, C. 2004, A&A, 418, 1051
Tatischeff, V., Kozlovsky, B., J. Kiener, & Murphy, R. J. 2006, ApJS,
165, 606
Temerin, M., & Roth, I. 1992, ApJ, 391, L105
Thomas, D., Schramm, D. N., Olive, K. A., & Fields, B. D. 1993, ApJ,
406, 569
VandenBerg, D. A., Swenson, F. J., Rogers, F. J., et al. 2000, ApJ, 532,
430
Vangioni-Flam, E., Casse´, M., Cayrel, R., et al. 1999, New. Astron., 4,
245
Vangioni-Flam, E., Casse´, M., Audouze, J., 2000, Phys. Report, 333-
334, 365
Walker, T. P., Mathews, G. J., & Viola, V. E. 1985, ApJ, 299, 745
Xiong, D.-R., & Deng, L. 2005, ApJ, 622, 620
